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Abstract 

Metabolites of the lobacco-speciHc Ditrasaminc, t-imclhylnilrosaminol- 
l'(3-pyridyl)-l-bmanone, ■ potent pulmonary carcinogen, bavt been 
quantmcd in the urine of 11 smokers. They were not detected in oonsmok- 
ers’ arinc. The metabolites, d-tmethyinitrosaminoi-HJ-pyridyD-l-bu- 
tanol and its glucuronlde. were delected in quantities of O.Zy-I.O and 
0J7-dL5 pg/24 h, respectively. The results of this study provide the first 
evidence for metabolites of tobacco-speciflc nitrosamines in human urine. 

Introduction 

It has been estimated that up lo 90? of lung cancer deaths in the 
United Stales are attributable to cigarene smoking (1). The tobacco- 
specific nitrosamine NNK’ (Fig. 1) is believed to play an important 
role in the induction of lung cancer in smokers because it is a potent 
pulmonary carcinogen in rats, mice, and hamsters inducing tumors at 
total doses similar to the estimated doses to which smokers are ex¬ 
posed (2, 3). NNK may also be involved in oral and pancreatic cancer 
associated with the use of tobacco products (3. 4). Although the 
metabolism of NNK has been extensively studied in laboratory ani¬ 
mals. relatively little is known about its uptake and metabolism in 
humans. We believe that such infonnaiion is critical to an understand¬ 
ing of mechanisms of cancer induction in humans. 

In lodents and monkeys, identified pathways of NNK metabolism 
include o'-hydroxylatioo, pyridine-N-oxidation, carbonyl reduction to 
■NNAL, smTconjugation of NNALto the dtastcreomcric glucuronides 
NNAL-Clucfl) and NNAL-Gluc<U) (Rg. I) (2. S. 6i. Previous studies 
using cultured human tissues or microsomes have shown that NNK is 
metabolized by a-hydroxylalion and carbonyl reduction <7. 8). He¬ 
moglobin and DNA adducts resulting from a-hydroxylation of NNK. 
NNAL, or the related carcinogen NNN have been detected in the 
blood of smokers or snuff-dippers f9. 10). In this article, we present 
the first evidence for the presence in smokers' urine of NNK metab¬ 
olites: N'NAL; NNAL-Gluc(l); and NN\L-Gluc(ll). Quantitation of 
NNK mclabolilcs In human urine should greatly facilitate our under¬ 
standing of its role in tobacco-related cancers. 

Materials and Methods 

Chemicals. [5- 'HJNN.\L was obtained b> NaBHa reduction of 15-'H]NNK 
(Chemsyn Science Laboratories. Lenexa KS>. (5-'H|NNAL-G1 uc(I1j was i.st>- 
lated from the urine of a paias monkey treated with fS-'HlNNK (6). NNAL. 
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istyNNAU nluosoguvacoliiw. and 4-(mcihylamino)-4-(3-pyridyl)-l-butanol 
were synthesized (11-13). Bis-trinKthyisilylcnnuoroaceiamide/l^ irimethyl- 
chlofosilanc was obcainrd from Chemical Co. (Monoti Grove ID. 
^•Glucuronidase, type IXA. sulfatase, type VIII. and saccharic acid 1,4-lacionc 
were obtained from Si^ma GtcmicaJ Co. (St. Louis. MO). 3*Aceiylpyridifw 
and 2»pyridylcartjnol were obtained from Aldrich Chemical Co (Milwaukee. 

Wi). The laner was converted to its acetate by ircatmcnt with acetic anhydride 
and triethylamine in CHyCh- 

Apparttos. HPLC was performed using a Millipore. Waten Division sys¬ 
tem a.*; previously described (9) and a 3.9- x 300-rnm Bondclone 10 CIS 
column {Phenomenex. Torrance, CA) with UV detection at 254 nm. Solvent A 
wa.<i H:0 and solvent B was methanol. The solvent program was 15^ B in A 
for 10 min. then to 45^ B tn A over 30 min. then back to initial conditions in 
S min. and then held for 25 min prior TO the next injeciiort. 

CC-TEA was performed with a Model 5890 gas chromaiograph (Hewlett- 
Packard. Palo Alto. CA) interfaced with a Model 6l0Thennal Energy Analyzer 
(Thermedtes IncQ. Wobum, MA) and a Model D-2000 mtcfratof (Hitachi 
Instruments. Danbury CT) <14). The gas chromatograph was equipped with a 
2-mm X i2-ft gla.*;s column Hllcd with XE-60 on GasChrom Q. 100/200 
mesh (Alliech/Applied Sciences. Deerfield. ILJ. The oven w-as temperature* 
progfamnved as follows; ISO^C for 3 min; then 6“C/iTvtn. lo 220'’C; and then 
held for 15 min. The injection port temperature was 230®C and the flow rate 
was 33 ml/min ^on. 

OC-MS-SIM was carried out with a Hewlett-Packard Model 5988 a instru¬ 
ment. operated in the positive chemical ionization mode with a methane 
pressure or0.8S torr. an ionizing energy of 107 cV. and a source temperature 
of 200*C. Par electron impact experiments, the ioniztng energy was 70 eV and 
the source temperature was 200“C. The analyses were performed by spitiless 
injection on a 0.25-mm x 30*m Econocap SE 54 column (film thickness. 0.25 
pm; Alllech/AppJied Sciences), with a 0.32-mm x |.m retention gap. The 
carrier gas was He (head pressure, 12 psi) and the oven temperature was 
programmed as follows: lOO^'C for I min; then g''C/mirt to l&O^C; and then 
held for 30 min. 

Volunteefs. Eleven smokers and 7 non.sfnokers ranging in age from 20 to 
65 years were recniried. The protocol for collection of urine was approved by 
the American Health Foundation Institutroruf Review Board for protection of 
human subjects. 

.Analysis of Urine by CC-TPA, Tweniy-four-h urine .samples were col- 
keted in 3 liter amber speamen containers (Baxter Scientific Products Divi- 
siofl. McGaw Pat. ID to which 10 ml of a solution of 20^ animonium 
sulfamatc (Sigma) in 3.6 iV HtS04 had been added to inhibit onifactual nit* 
rosation, Samples were stored at room temperature during coUeciion. Aliquots 
of 100 mi were adjusted to pH 7 with 10 A' NaOH. To lhi^ was added 0.5 ml 
of an aqueous solution of (5’'H|NNAL'Gliicil!) (2.1 Ci/mmol; 2I.0(X)dpm( as 
inicmal standard. The resulting solution was extracted 3 times with equal 
volumes of ethyl acetate. The aqueous portion (A-i) was saved. A solution of 
{5-'H]NNAL (2-! Ci/mmol: lOO.fXX) dpm) in 50 pi of methanol was added to 
the combined ethyl acetate extracts, as mtemal standard for unconjugated 
NNAL. The ethyl acetate layers were dried (Na^SO*) and concentrated to 
dryness by wary evaporation. The residue (Rg. 2. Fraction I) was dissolved 
in two 0.5-mi aliquots of H;0. which were combined and set aside for sub¬ 
sequent HPLC purification and analysis for NNAL. Twenty pi of ’’anrifoam B 
emulsion" (Sigma) were added to the aqueous portion. A*l, which was then 
concentrated by rotary evaporation (water bath temperature. .^SX) to approx* r 
Imaiely 70% of Its initial volume. The purpose of this step wa«; removal of most L, 
of the ethvi acetate, traces of which inhibited 3-«hik\rr-'ni-''?*-- -j.:]! ..'.’-' ..^.:T 
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Fig. 2. Analyijca) scheme fof quamiuUoo of NNAL and NNAL-Oloc in smokers’ 
urine. 

cumnidase, SOOO untU, was added and ihe sample was iocubaied at 37°C for 
16 h with gentle shaking. After the incubation was contplete, the pH was 
adjusted lo 2 with concentrated HCl and the resulting solution was extracted 2 
times With ethyl acetate. The pK of the aqueous layer was then adjusted to 7 
with concentrated NaOH, and the solution was extracted 3 times with GHjCI}, 
The combined CH 3 CI 2 layers were dried (NajSO*) and the CHjClj was re¬ 
moved by rotary evaporation. The residue (Fig. 2. Fracbon 2) was taken up in 
two 0.5-fnl aliquots of HjO which were combined for HPIXT analysis. 

Fractions 1 and 2 were prepared for HPLC analysis. Fifty |xJ of HjO 
containing 50 pg of 3'acetylpyridine and SO pg of 2*pyridylcarbtno] acetate, 
which were used as retention time markers (19 and 29 min, respectively), were 
added to each fraction. The pH of the resulting mixtures was adjusted to 7 and 
they were injected on HPLC. The region corresponding in retention time 10 
MNAL (approximately 20'‘27 min) was collected in a 15-mi disposable glass 
centrifuge tube. The collected material was concentrated to dryness on a Model 
SVC200H Speedvac concentrator ($avani InsiriJmentS. Farmingdale, NY) at 
.^^.•^1 j .laicly 35‘C. The residue was transferred to a lOO-pl glass-lined mi- 


crovial (^^*225195; Viheaion. Millville. NJ) with three 50-pl portions of meth¬ 
anol The methanol was removed by Speedvac evaporation. 

To the residue was added 5 pi of CH jCN containing 30 ng of iso-NNAL and 
20 ng of mtrosoguvacoiinc. which were used as silylarion and injection stan¬ 
dards. respectively. After thorough nuxin|. 5 pi of bis-trimeihyl- 
sityltrifluoroacctamidc containing irirocihykhlorosilanc were added, the 
vial was capped, and the mixture was healed at 40*'C for I h. Then 5 pi were 
analyzed by GC-TEA. The remaining 50^ of flie sample was washed into 1 
scintillation vial with CHjCN and methanol for determixtaiion of recovery of 
radioactivity. 

Amounts of NNAL in the samples were detenruned by integration of the 
peak corresponding in retention lime to NNAL-TMS (see Fig. 3) and compar- 
isoo to a standard curve. Efficiency of silylation was generally quantiUtive. as 
determined by iniegratioo of the peak corresponding in retention lime to 
iso-NNAL-TMS. Results were correaed fw recovery of internal and injection 
standards. 

Some urine samples wexe analyzed for NNK. [5-^H]NNAL^ 1 M,O00 dpm, 
was added to the ethyl aceuie ex wi of urine. This was analyzed by HPLC as 
described above and the regions corresponding in retention time to NNAL and 
NNK were collected. The NNK fraction was concentrated to remove methanol 
and treated with 5 mf NaCNBHj. Excess reducing agent was quenched with 
2 N HCl arkd the mixture was neutralized and Ihco exuacted 3 times with 
CH 7 CL. This was concentrated, and (he residue was silylatcd and analyzed as 
above for NNAL-TMS. 

PrepantioD of (JriDC for Analysis by GC-MS-SEM* Morning void (ap¬ 
proximately SOO mi) from smokers 2 and 3 (Table 1) was combined. Fraction 
2 was obtained essentially as described above, with affowances for (he larger 
scale being made. Reverse-phase HPLC was carried out with a 7.8- X 300-fnni 
Bondclone 10 C18 column using the program described above, with a flow rate 
of i ml/mih. The fraeiion containing NNAL was further purified by normal 
phase HPLC with a 4.6- x 250-mm Microsorb-MV S-pm silica column (Rai- 
nin Instrument Co.. Woburn. MA) with elution by solvents A (50/S0:CHCl9/ 
hexane) and B (20^ isopropyl alcohol in solvent A). The solvent program 
proceeded from 70 to 50% A in 15 min and was (hen held for 25 min. The flow 
race was I mi/min. Eluent was collected from 24 to 45 min. concentrated to 
tkyness, and silylatcd. 

Results 

The analytical method is summarized in Fig, 2. Fraction 1, obtained 
by extraction with ethyl acetate, contained unconjugated NNAL. The 
aqueous portion of the urine was treated with ^-glucuronidase to 
release NNAL from NNAl,-Gluc(I) and NNAL-Gluc(II), The released 
NNAL was enriched by partitioning to give Fraction 2. Each fraction 
was further purified by HPLC prior to silylation and analysis by 
GC-TEA. Typical GC-TEA traces from analyses of Fraction 2 arc 
illustrated in Fig. 3. 

The identity of NNAL in Fraction 2 of smokers’ urine was con¬ 
firmed by CC-MS-SIM. Major peaks in the chemical ionization spec¬ 
trum of standard NNAL-TMS arc m/z 282 (M + 1; relative intensity. 

Tatrk 1 ^NAL and Nh * tn smakers' unn< .. 
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Fig. 3. CC'TEA mccs of Fraction 2 from » smoker and a nonsrooker. I.S., injection 
standard nitrosoguvacoline ind silyUlion standard (iso-NNALK 


lOO). 162(83), and 132(43). As shown in Fig. 4, these peaks were all 
present at the retention time of NNAL-TMS in the GC-MS-SIM 
analysis of Fraction 2. The raUos of the MS responses for m/z 282. 
162, and 132 were 1;0.67;0.32 in the sample compared to 1:0.83:0.43 
in the spectrum of standard NNAL-TMS. Similar results were ob¬ 
tained using the electron impact mode (data not shown)- 

Somc experiments were carried out without /S-glucuronidasc. or 
with sulfause instead of P-glucuronidase, ot with ^•glucvlIonidase in 



Fig. a OC-.MS-SIM analysis (chemical ionitaiion mode) of NNAL-TMS from Frac¬ 
tion 2 of a tnioket^‘ uhne Iscn Eexi for derails). 




.:■ 


the presence of saccharic acid 1.4-lactonc. an inhibitor of P-glucu- 
ronidase activity. No NNAL was detected in Fraction 2 of these 
samples. In another series of experiments, the aqueous portion of one 
smoker's urine was injected on HPLC and the eluents corresponding 
in tetention time to NNALGluc(I), NNAL-Gluc(Il). and NNAL were 
collcetcd. The NNAL-Gluc(I) and (11) fractions were treated with 
^-glucuronidase and (he resulting mixtures as well as (he NNAL 
fraction were analyzed by (jC-TEA after silylatioo. NNAL-TMS was 
detected in all three fractions, which is consistent with the presence of 
NNaL-GIuc(I) and (ID as well as unconjugated NNAL in smokers* 
urine. 

The possibility that NNAL or NNaL-GIuc could have formed 
artifactually during analysis of the urine samples was considered 
although the amine precursors to NNAL and NNAL-Gluc are not 
known to be constituents (rf smokers’ urine. Urine was collected from 
a smoker and divided into three 50-ml aliquots, each of which was 
mixed with ammonium sulfamate/H^SO. as described in “Materials 
and Methords." The first aliquot was treated with 0.5 mg of 4-(meth- 
ylamino)-4-(3-pyridyl)-l-butanol, the amine precursor to iso-NNAL, 
and was allowed to stand for 24 h at room temperature. It was then 
analyzed for iso-NNAL. The purpose of this experiment was to de¬ 
termine the extent of nitrosation, under our collection and analysis 
conditions, of a secondary amine that is readily nitrosaied and is 
structurally related to the secorttiary amine precurstSr to NNAL, which 
was not available. The yield of iso-NNAL in this experiment was 
0.01%. The second 50-mi aliquot was treated with 4.5 mg NaNOj. 
which is equivalent to the amount of NaNOj typically present in 50 ml 
of urine (15), [Urine samples from noninfected individuals do not 
normally contain nitrile (ISlJ.Thc third aliquot was not treated. These 
two aliquots were allowed to stand for 24 h at room temperature and 
were then analyzed. Levels of NNAL in these two aliquots were the 
same, whereas levels of NNAL-Gluc were about 20% higher in the 
NaNOy treated than in the untreated aliquot. Collectively, these data 
indicate that aitifactual formation of NNAL or NNAL-Gluc under our 
conditions is minimal. 

Recoveries of (5-^HlNNAL and [5-’HlNNAL-Gluc(ll) using the 
method outlined in Fig, 2 were 36 ~ 7.7 and 30 1 5.2%. respectively. 
Repetitive analyses of one smoker's urine gave values of 0.66 i 0.064 
pg/Iiter NNAL (n = 6) and 2.4 ± 0.41 pg/liier .NNAL-Gluc (n = 7). 
The results of analyses of smokers’ urine are summarized in Table I. 
One of seven nonsmokers appeared to excrete NNAL-Gluc (~0.7 
pg/24 h>; all other nonsmokeis’ urines were negative. 

Six urine samples from smokers were also analyzed for NNK. None 
was detected. 

Discussion 

The data presented here clearly demonstrate that NNAL and 
NNAL-Gluc are present in smokers' urine. The amounts detected are 
in the expected range based on the levels of NNK in cigarette main¬ 
stream smoke. These data confirm the uptake of .NNK by smokers and 
allow one to estimate its dose. This will be important in further studies 
evaluating the relationships of NNK to tobacco-induced cancer. The 
present results do indicate that total uptake of NNK in a lifetime of 
smoking is comparable to the lowest doses of this carcinogen which 
induce lung tumors in rodents (4). 

It is possible that some of the NNAL and NNAL-Gluc in urine may 
come from NNAL in cigarette smoke. The presence of NNAL in 
cigarette smoke has not been reported, although it has been tentatively 
identified in snufT products, at levels which appear to be considerably 
lovs-cr than those of NNK (16). NNAL has also been detected in the 
saliva of Sudanese snuff-dippers (17). NNAL, like NNK, is a potent 
pulmonary carc'tnoger in the rat and mouse (18-20). U also induces 
ductal tumots of the pancreas n rhe rat t20). 
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The failure to detect NNK was not unexpected based on metabolism 
studies which have shown that liitle if any of this nilrosamine is 
excreted unchanged in laboratory animals (5. 6. \2). The detection of 
NNAL-GIuc in smokers* urine is consistent with our recent studies of 
NNK meiabofism in the paras monkey, which showed that NNAL- 
Giuc(l) and (In were prominent urinary metabolites (6h 

Previous siudies have shown that hemoglobin adduces, known to 
result from nteiabolic activation of NNK. NNAL. and NNN. are 
elevated in approximately 20^t of smokers (9). This presumably re¬ 
lates lo higher levels of a-hydroxylation of these nitrosamincs in some 
smokers. The data in Table I indicate that the ratio of NNAL lo 
NNAL-GIuc varies from O.I to 2.3. It will be important to determine 
whether the ratio of free to conjugated NNAL influences levels of 
hemoglobin and DNA adducts in smokers. 
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